The primary manifestations of Pompe disease are muscle weakness and cardiomyopathy. Although accumulation of glycogen has also been seen in the nervous system in patients, the significance of brain involvement in infantile-onset Pompe disease is not clear. In this study, brain development in five cases of infantileonset Pompe disease, whose survivals have been prolonged by enzyme replacement therapy (ERT), were studied by brain magnetic resonance imaging (MRI) and magnetic resonance spectroscopy (MRS). The results revealed delay in myelination milestones in all patients at a median age of 6 mo upon the initiation of treatment. After ERT, four of the five cases showed good progression in myelination, even though mild dilatation of the ventricles was still observed. In the case with no response to ERT in the muscles, however, brain myelination was slow and follow-up MRI and MRS studies suggested both neuron and myelination loss. Therefore, myelination defects are common in infantile-onset Pompe disease. Improvement in brain myelination could be seen in those who survive by effective treatment, although we do not know whether ERT does have a direct therapeutic effect on the brain. 
P
ompe disease, or glycogen storage disease type II, is a lysosomal storage disorder caused by the deficiency of acid ␣-glucosidase (GAA). Weakness of cardiac and skeletal muscles is the main symptom of the disease (1) . In infantileonset Pompe disease, excessive glycogen storage can be seen in cardiac muscle, skeletal muscle, smooth muscle, and renal tubular epithelium (1) . Glycogen accumulation has also been seen in glial cells in the brain cortex and brainstem and in anterior horn cells in the spinal cord in patients at autopsy (2, 3) . In a study on the natural history of 20 cases of infantileonset Pompe disease, brain ultrasonography was performed in six cases and the results were all normal, but MRI performed in another two cases revealed widening of the anterior horns of the lateral ventricles and central cortical atrophy (4) . Therefore, the significance of brain involvement in infantile-onset Pompe disease is still unclear, probably because most patients die before brain illness can be thoroughly investigated.
ERT with the recombinant human GAA (rhGAA) has yielded promising results in infantile-onset Pompe disease (5-7). The most remarkable effects from the treatment are improvement in cardiac function and survival. Some patients with early treatment have achieved good motor function and ambulation. However, because the intravenously replaced enzyme is unlikely to penetrate the blood-brain barrier, the accumulation of glycogen in the central nervous system becomes a concern when ERT prolongs the survival of the patients.
In this study, we have treated five patients with infantileonset Pompe disease and investigated brain development by MRI and MRS. Because of ERT, we had the chance to evaluate brain development in this disease for a longer period of time than previously.
MATERIALS AND METHODS
From December 2002 to December 2004, five cases (three boys and two girls) of infantile-onset Pompe disease were enrolled. The diagnosis of Pompe disease was established by the severe deficiency of GAA activity in both peripheral blood mononuclear cells and skin fibroblasts. All patients received rhGAA derived from Chinese hamster ovary cells (Genzyme Corporation). This study was approved by the Institutional Review Board of the National Taiwan University Hospital, and informed consent was obtained from the parents of each patient.
Brain MRI and MRS were done as described before (8) . All patients and control subjects underwent MR examinations by using a 1.5-T MR machine (Sonata; Siemens, Erlangen, Germany) with the same parameters. In the MRS studies, the ratios N-acetyl aspartate (NAA) to creatine (Cre), NAA to choline (Cho), NAA to myoinositol (MI), MI to Cre, MI to Cho, and Cho to Cre were calculated.
Myelination milestones were determined by T1-weighted imaging for patients younger than 6 mo and then by T2-weighted imaging when patients reached 6 mo (9) and were as follows: high signal intensity on T1-weighted scans appears in the splenium corpus callosum by 4 mo, the genu by 6 mo, and adult pattern by 8 mo and on T2-weighted imaging, myelination reaches the anterior limb of internal capsule at 11 mo, the subcortical white matter of the motor and visual area thereafter, and the deep frontal white matter (except the subcortical area) by age 24 mo (10) .
RESULTS
All five patients were born full term with normal birth weight. Their median age at symptom onset was 3 mo, and when rhGAA infusion started at a median age of 6 mo, all of them had hypotonia, hypertrophic cardiomyopathy, and mild failure to thrive (Table 1) . After treatment for 12 mo, cardiomyopathy responded well, and the heart sizes of all patients decreased. Patient 5 gained good motor function, and he was ambulatory and could talk. All the other four patients were ultimately ventilated, but none of them has experienced severe hypoxia. There was a poor response to ERT in the muscles in cases 2, 3 and 4. These three patients could do antigravity movements with their arms but not legs, and they did not have head control or could not sit. The patient in case 1 showed no response to ERT in the muscles and could move neither his arms nor legs antigravity. Nevertheless, there was no spasticity, rigidity, dystonia, or choreoathetosis in any of the patients. After ERT, none of them have inhibitory antibodies to rhGAA as tested by Genzyme Corporation.
Baseline MRI studies conducted at a median age of 6 mo upon the initiation of ERT revealed a delay in myelination in all cases (Table 2 ) because the myelination process could only be seen in the splenium of corpus callosum but not in the genu on T1-weighted images (Fig. 1) . MRI performed after 6 mo of treatment (the median age was 13 mo) revealed progression in myelination in all cases. Myelination reached the genu of corpus callosum in case 1; reached anterior limb of internal capsule in cases 2, 3, and 4; and arrived in subcortical white matter at motor and visual cortex in case 5 (Table 2) . However, structural abnormalities including mild dilatation of the lateral ventricles could be visualized in three cases (Fig. 1, cases 1-3) . MRI studies at 18 mo of age revealed that myelination reached the subcortical white matter of the motor and visual cortices in all patients except the patient in case 1. 
T2WI, T2-weighted imaging; O, occipital horn; T, temporal horn; F, frontal horn; B, body; N, Normal.
CHIEN ET AL.
The patient in case 1, who has the worst outcome among the five cases, has been followed for another 24 mo by MRI. His brain myelination process was slow since the first study at 6 mo of age, and there was almost no further improvement in myelination after age 18 mo. Furthermore, abnormal highdensity signals on T2-weighted images were also evident in the white matter since 18 mo of age ( Figs. 1 and 2 ). These high-density lesions on T2-weighted images may suggest a demyelinating or dysmyelinating processes. MRS study revealed low NAA/Cre, NAA/Cho, and NAA/MI ratios at 6 mo. These ratios increased at the 12-and 18-mo studies, but dropped again at 24 mo (Table 3) . Normally, the NAA/Cr ratio increases from age 1 mo to 1 or 2 y (11), and a decrease in NAA usually suggests neuronal loss (12) . However, even though he had profound muscle weakness, he was rather stable under ventilator therapy. Therefore, those MRI and MRS changes were difficult to explain by poor general condition.
DISCUSSION
Infantile-onset Pompe disease (defined as disease onset before 1 y of age) is an early-onset fatal disease in infants. In one study on the natural course of this condition, symptoms started at a median age of 1.6 mo, and death occurred at a median age of 6 mo (4). In the current study, all patients had the diagnosis before 6 mo of age, and therefore they were classic cases of infantile-onset Pompe disease. Because of the treatment, their survivals were already much longer than what could be expected from the natural history study. Therefore, we had the chance to see brain images beyond infancy in infantile-onset Pompe disease.
Deposition of glycogen in oligodendrocytes has been identified as early as the second trimester of gestation in the affected fetus (13) , and the infoldings of the myelin contained glycogen-filled projections of the cytoplasm of Schwann cells may interfere with the formation of myelin (14) . In the current Figure 1 . Brain MRI for five infantile-onset Pompe disease patients (rows 1-5, respectively) and normal myelination pattern of the specific ages (row 6). Column A contains T1-weighted images at the ages of around 6 mo (before treatment) except 2A, in which MRI was performed 2 mo after therapy. Columns B and C contain T2-weighted images at the ages of around 12 mo (6 mo after treatment) and 18 mo (12 mo after treatment), respectively. For details, please refer to Table 2 . The planes are selected for images with the most information. study, all five cases demonstrated a delay in myelination at the age of 6 mo (15). Lee et al. (16) has described the MRI findings in one 5-mo-old patient as myelination of the cerebral white matter that was normal for age on T2-weighted images, even though glycogen deposition in the dura was suspected at the same time. Because during early infancy, signal intensity on T1-weighted images increases because of an increase in cholesterol and glycolipids that accompanies the formation of myelin from oligodendrocytes (9, 17) , it would be better to judge myelination progress by T1-weighted images for patients younger than 6 mo (10). In three of our five patients, dilatation of the ventricles was also found. Therefore, brain involvement could be common in infantile-onset Pompe patients. Because the general conditions of our patients were stable at the time of the first MRI evaluation, we suggest that the brain involvement was more likely related to specific pathologies of Pompe disease. Early brain involvement in neurodegenerative diseases usually indicates rapid degeneration in the near future. However, we were fairly encouraged by the good progression of brain myelination in most patients. Currently, there is no evidence that ERT could benefit brain diseases, except in Fabry disease in which endothelium deposition is the main pathogenesis (18) . However, in view of the very large amount of enzyme (20 mg/kg) infused every 2 wk, it may be that a small amount of enzyme did penetrate the blood-brain barrier and reach the brain. On the other hand, it should be more likely that brain involvement in Pompe disease is a benign or self-limited process and that brain development could continued as long as the patients survive in good health.
In this report, we demonstrated that delay in myelination is common in infantile-onset Pompe disease, but this early appearance of brain lesions does not necessarily indicate poor brain prognosis as long as the patients respond to ERT. Further studies will be necessary to clarify the pathologies and long-term prognosis of the disease in the central nervous system.
